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A Comprehensive Analysis Algorithm
for Ablation. Temperature Fields. and

Thermal Stresses of Carbon-based Nosetip Materials

Huang Zhenzhong

ABSTRACT

This paper narrates the composite calculative principles for"-ablation,

conduction, and thermal stresses of flight vehicles in a re-entry

environment, as well as a few techniques beyond these principles. In regards

to the chemical reactions of carbon-based material ablative surfaces, a

selective calculation result is used to simplify the thermochemical ablation

calculations. A spaced and non-spaced three-level explicit difference scheme

was chosen for use in the calculation of temperature fields. Thermal

stresses were calculated using the finite Element Method within the

Hypothesis of Linear Elasticity, based on the incomplete Principles of

Variational Potential Energy, wherein it is possible to calculate the

influences of many different types of displacement boundary conditions.

During the compilation of the-comprehensive analysis procedures)-herein, an

automated mesh dividing technique was found which has application in

selective calculations.
I4
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I. Foreword

r." The use of carbon-based materials to serve as heat shields in flight

vehicles has long been a primary objective of research [1-3]. One of the

* leading reasons for this is to make thermal ablation an insignificant factor

of external change that takes place during the time of re-entry. However,

the abrupt thermal environment and subsequent onslaught of thermal stressor.=.

is a very serious danger. Resultingly, a comprehensive analysis algorithm

that simultaneously calculates thermal environment, ablation, conduction, and

thermal stress has been created, and, in regards to the problems of combating

heat with carbon-based nosetip materials, has become a vital necessity. This

paper recounts the calculation methodology, and although it is equally

applicable for use with QIAO-type nosetips, .the figures and examples provided

a.re for the SAl-type nosetips [TN: transliterations for CIAO and SAI may also

be pronounced as KE and SE respectively; literal translations for the

romanization are jacket/case/coated for QIAO and shell for SAI].

The thermal stress state of heat resistant nosetips not only impinges

* upon the nosetip's construction and form, but also impinges upon the thermal

environment, ablation, and changes that take place within an instantaneous

heat field. These factors each. have a mutual influence. Herein, we endeavor

to fully link these factors together and realize a possible simulation of

actual conditions.

2
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II. Ablation and Ablative Contour

During the course of re-entry, the carbon-based protecti.e heat shield-s

thermochemical ablation primarily occurs at extreme surface temperatures that

surpass 3080 degrees K. During this time, the carbon surface"s

thermochemical reaction can be expected to depart from normal theoretical

conditions [4) [TN: sic]. The surface temperatu-e of the heat resistant

shield rises extremely fast during the time of re-entry, although during

initial re-entry it is influenced by abnormal thermochemical reactions.

k However, for quanti tative comparisons of total ablation, this particular

stage of ablation is very limited. Nonetheless, during the time of actual

- re-entry, all calculations of ablation are in accordance with normal chemical

hypotheses and could not lead to errors that would influence outcome of

calculation [TN: sic].

The meticulous analysis conducted for thermochemical ablation of

carbon-based nosetips uses thermodynamics data taken from bibliographical

reference [5) [TN: the document cites reference 5 w,..hen, in fact, it is

referrinQ to reference 6!). In regards to the thermodynamics numeric data

provided for five types of vapors and 10 types of compounds: C (gaseous.), L.

r3,C C . CC GO2 CC 0, C 'J CN , ,NC- N C -, C2 N . (' N andICj CfCS  C, 0 C0 Ca ,, CN (C-N-N), CN .(N-C-N), C N tNnd C

N a dressing by screening calculation was conducted for actual ablative

s.urface edges of the projectile. The results can be seen in Figure 1. Here,

=1, 2, 3, .... 15) expresses successive formation of the

aforementioned compound reactions. Carbonization in ablative change occupies

only a fraction of the total thermodynamic ablative rate. Calculations

5
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clear l indicate that in an ablative carbon surface, the formation of CO, C 3

fA3.A C N,. arid ON i n a r eac t ion ('c or r espon d ing t o~ ,JA , J 13 :,d9 s c urv e i n

P Pigure 1 in regards to the carbon's ablation rate or the contributions. :t

the thermal effect when compared to other reactions., is much larger. This

fact alone could greatly simplify the calculation of ablation. It is

sufficient for us to calculate these major reactions and correspondiro i

chemical elements, so

3C f

c+ f -CO

C+-L l'ZJ CN
X

2-+ N N

As the thermody>namic data clearly shows, in common ablative surtace

temperature ranges, the normal constants and thermal effects of the

reactions can be completel-y expressed in Figure 1 with use of similar

equations and approximation averages used as their expressions. Th is makes

calculation of ablation much more convenient. The normal constant in a

carbon-oxyQen reaction can only use an oxygen residual that is equal to zero

:as. a substitute. This is because from the normal constant we know that

ox ,'Qen in an ablative reaction has an actual residual value that i s so sma l

we can consider it as necjl igible from the start.

6
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4 t

Figure 1. 2irlons carbonic ablative rates for reactions at ablative wall
represented as a fraction of projectile chiange.

The abl ati o 'Alj quantitat ive thermochemical ablative rate car be

expressed as~

wherein the dimensio~nless ablative rate bs derived as a no'rmal co'nstant NY"

means of a co-routine to' figure the dispersion equation for the attached

surf ace axer.

The thermal current entering the ablative wall is

qo,*= Oq, + q,. - e orTw

7



The second and third orders of the equation on the left represent the

atmosphere opposing the ablative wall and the outer boundary radiant heat of

the ablative wall. Furthermore,

q. =qwJ~i- : )+&~I~Q] 3)

We need only provide calculations for denudation and particle immersion.

then we can perform a comprehensive calculation sequence for conduction and

contour changes [TN: sic] as influences of thermal stress.

The nosetip, during the course of the ablative process, undergoes an

instant exterior contour change, and this can be represented as an equation

ar, - A
at hgi,-, p (4,

Here, i is the quantative rate for ablation, denudation, and immersion [T.:

particle immersion]. This is a nonlinear, hyperbolic differential equation.

The methodology used in deriving this equation is first to begin with an

BL- m.rt:ir:r l inear :zation equation, then use the Impl icit Difference

Scheme. This serves as a type of man-made patch that allows us to create a

difference equation. Finally, we use a method of substitution to derive our

solution. Bibliographical references [5, 73 i terate the p_ - ss in precise

detail. In Figure 4 at the back of this paper, a simultaneous calculation of

temperature fields is outlined. These methods [TN: refers to above methods]

are used to calculate the course of ablative heat protection for the nosetiD

contour.

8



Table 1. Aoproxirnatiori Formula for Normal Constants. Thermal Effect.

lgKpas-bxiO'/T(*K) &Q-,-dxio-T(*K)

bL C

C+10 -~C~O ' r

______M____ 5.0% 3 . q toI.( 0
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III. Instantaneous Temperature Fields

The majority of carbon-based materials assume an anistronhical form, and

as a result of this we must conduct calculations by means of a thermal

conduction equation for the anistrophic materials. In calculating the

temperature fields for the SAl-fabricated nosetip model. we must break down

the calculations for the SAl-model nosetip proper and the secondary

components. For this, we will choose to use an arbitrary boundary surface.

For example, a spherical surface which meets a man-made boundary as depicted

in Figure 2. In regards to the main component, a spherical coordinate system

* was selected with the corresponding coordinate origins. Furthermore, a

mobile coordinate system was used in conjunction with the ablation

displacement boundaries so the below illustrated coordinate transformations

could be carried out:

r-r.

(5)

ri

. rtificil bouri dar -

Figure 2. Coordinate 3-stem.

With the ablation displacement boundary transformation equations, we now have

a stable boundary. Furthermore, thermal conductivity for the three mutually

perpendicular primary angles is represented in the equation as

XCT)+ Dr ) ( AT)+ a ( aT

10



which becomes

8 (pCT) ' aA _(pCT);-2 ~at o

4( 'I )+ ho - - (rA siadq) + (rtxq,,)j

Here, 4/dW-fis the rate at which the width changes. This is from the

external change rate O / from equation (4). Now the ablation

boundary's thermal conductivity conditions are

(8)

and

Q-q. 0 +p (JdT)(i +C + "

Now we need only check the zero angle of attack in the body of

revolution. Furthermore, at the very minimum, we must also check the wind

axis and the anistrophic similarities of the level surface. With the

materials of kq= kb , we can cause a differential abatement involving$ and

simplify the problem of symmetrical wind axes. In this type of problem with

wind axis symmetry, after the change has occurred in equation (7), the

derivatives of the temperature-to-space coordinates of the first and second

order, and the thermal flow opposing these atmospheric coordinates, all have

internal (TN: reference] points that have a second order precision in a

centered difference equation. We can have a second order precision for both

II
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pre and post differences. In regards to the derivative of time, the

t. temperature field is obtained throught use of the DuFort-Frankel difference

scheme. Afterwcrds, from the equation we get

• -T-,. +T?)+o(Ai')

Here, superscript n represents the time gap. Omittincg the minute

quantities of higher order, we can correctly obtain a direct and simple

calculation of stability using the three-level explicit difference eauation.

To follow along with the detailed process and reasoning of this equation.

refer to bibliographical reference E5). Therein, it provides an explanation

on the precision and analyses for this, the algorithm which provides us with

an excellent degree of- precision and influences the time gap very little.

In regards to the SAl-model component, it is nonexistent in the

displacement boundary. This is because a fixed columnar coordinate system

was chosen for use. We also have a zero angle of attack in the body of

revolution, so for kt= kL , the thermal conduc- ,ty equation can be written

in axisymmetrical form as

- ~a(PCT)= a aak, -E- + ak
at r,

for the main body of the SAI component. For the man-made boundaries of the

SAI component, we must use a method of calculation that coordinates thermal

flow calculations with the sequence of conditions that arise.

In carrying out our data analyses, we should point out a few facts for

the use of the difference equation (11): speaking in terms of the 0

coordinates within the spherical coordinate system, the main component is

12
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partitioned into mesh lines based on averages. However, this mesh fal Is

wi thin the SAI component's columnar coordinate system and is represented Ss,

orientation r. and its values are not based on averages. Furthermore. for

the secondary boundary readings of thermal flow, this method sequenced the

conditions in the proper order. The mesh points partitioned within the SAI

component fall within this boundary and are, of course, calculated with the

main component mesh points. This forced us to conform these mesh points to

the non-spaced mesh points of the SAl component. At the same time, the

boundary itself was also considered irregular. In order to coordinate this

with the main component, for these types of non-spaced mesh points, a

three-level explicit difference scheme must also be used. It is done by

performing the Taylor spread on the origin node's temperature and thermal

flow. By doing i, in this manner, we get a derivative for temperature and

thermal flow of non-spaced gaps for a difference approximation. For e::ample,

!( O _ _ _ 1 .A r . , T , . . + ( A .i ., , A r , , ) , ,( -

a t. 1 Ar9 .T+Ar. 4 +1  Ar r., ' Ar,, - Ar, ,1

-. "! ArI. I {(1.
+,Az, k (,.) , z,. +AZ. Z+

[~~~~_ AzZ k,1 *.,+ Azj+. . 5 ,- (A I-- -1 1)(z.L Az,+., AzL., Az. . Az,. , A,~

+ Az,.'*) hi.,] T,., } +O(z.+ Az, .. ,)

and

- Z. , 14 )

13
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. . . . . - . - - . . .- . ..- _, - .9- w r -, ,

Finally, we use a similar methodoloox. for the non-spaced mesh points of the

main component so we can get a non-spaced mesh point to be used in the

three-level expl ici t difference screme.
k.ff n .+ k. ,, ,_ , -. ,)(

Oz

For the boundary conditions found at the irregular boundary, a very

complicated difference scheme was constructed. This was due to the linear

differences between mesh points and the boundary. Figure 3 provides an

illustration of the boundary mesh points. We need a non-spaced difference

expression for the temperature at node (J,l). Using a partial differential

of the first order with second order precision, we must, at the same time.

also have provisions for the intersection of the second order partial

differential in the non-spaced difference equation. This establishes the

difference equation for boundary conditions found in equation (15). Due to

the use of a non-spaced difference approximation in the partial differential

for the boundary, aside from the difference approximation differential

itself, we must not rely too heavily on man-made approximations or else our

results will no. as accurate [TN: sic].

'- ~ ~~~J. L-1[JI[l, J2

-IJ-;t J-,t-i

Figure 3. MIesh ooints -.J.l) within the Mesh Point System.
a: n/a

. It is in this manner that we real ize a comprehensive analysis

* .a:ort--. The calculations shown are a model for spaced and non-spaced

difference schemes. The tlme interval, stability, and precision are of

little influence under these ordered conditions.

14
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Figure 4 illustrates the calculation results for re-entr-y ablation and

thermal ccnduction in a SAI-model graphite nosetip.

. Figure 4. Calculation results for re-entry ablation and thermal

conduction at varying altitudes for the SAI-model graphite nosetip.

A

H.--A
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,-"d: k1 lomet er -s

I15

,'°'



I,. Stress and Strain FieldsII

- Carbon-type materials have a very small range of plasticity. Research

in this area has been limited to problems dealing with strain and l inear

elasticity. In the fundamental calculations for known. temperature fields.

stress fields, and strain fields, this has been based on the incomplete

General ized Potential Energy Theory i8 and it fits into boundary load ana

boundary displacement conditions only in terms of the Principles of Linear

Elasticity as related to minimal displacement

rli [ AC.(e,j) - F,uijdv- U i uds

VP

.S

Here, the Finite Element Method wa.s used to carry out the calculat:cns.

Within this equation, the subscripts i,j express the weight and summation

sign. In problems of symmetrical axes, we can simpl if' values within the

columnar coordinate system so our problem becomes one of a meridian surface.

In the selection of a triangular form to become a finite element, aside from

nisplacement 1r at the axis orientation, the nodes are designated as

constants. This causes the ablative surface shield to serve as the odd

integral in the symmetrical axis. According to the proposals cited in

bibliographical reference [9], we can directly obtain values for

circumferential stress by

p r. \ 1?7)

Within the singular element, we use the fabricated linearization to derive a

value function

16
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Here, the superscript e expresses a value for the singular element. S

Li tne ordered nodal constant previously ordered as

{.a V= L i, V= , . ,.J ,"

We use the extracted value function from equation (18) so we may have an

integral for equation (16). Next, a similar extraction is done for the other

elements forming a composite, overall functional. With an obtained numeric

value equal to double the nodal totals, the unknown quantity is specified as

nodal constants if and . which also gives a sub-equation for the symmetrical

coefficient gap of linear elasticity. Based on this, we car, obtain values

for strain and stress from the strain-displacement and stress-strain

derivatives.

In equation (16), because the boundary conditions are fully encompassed

within the functional, this in no way causes 1llooical calculation of those

boundary conditions. Moreover, we are still in the process of researching

the effects produced for many different types and kinds of boundary

conditions. In this aspect, we can only rational ize the sustained

atmospheric pressure effects for the external boundary. However, the most

important of all considerations, that of free boundary conditions, cannot be

rationalized. This is a problem for which we must find a solution. In

coming up with a proposal that meets all boundary conditions, it could

possibly be broken into three conditions or categories for such an algorithm.

The first would be for free boundary conditions; the second would be for pre

and post boundary displacement, for example, dealing with pre-defined

* 17,.'...............
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L

- isolacement limit values of zero: the third could be for partial limits., for

example, slippage angle loss allowances. exclusion of orientation

displacement, etc. With these foundations, we can also, of course, ver.:.

- easily rationalize the co-existence or unity of the three aforementioned

,-. boundary conditions.

18
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Y. Selective Calculation Methodologi

If, during the calculation of thermal stress, we calculate the nosetip

contour at different points or origins, we must use the Finite Element Methoo

to Perform divisions for all of the prior mesh points, and this is indeed

quite cumbersome. Even if we speak in terms of a single origin for the

nosetip contour, because of ablation and the various conditions that are

sub.ect to change at any time, we still must be able to figure the origin of

the nosetip contour at any instant, and all of these calculations are done

using the Finite Element Method's long-hand division, performed one by one,

by man, for each mesh point. This makes the whole process unfeasible.

Because we can only perform calculations of thermal stress for a single,

fixed form or for a few forms, each calculation must have its own division

done one at a time. As a result of this, the development of an automatic

mesh dividing technique for the physical contour changes that occur became a

necessity. During the compilation of the comprehensive analysis algorithm,

we discovered an automatic mesh dividing technique. By using this techniaue

to perform the divisions in the Finite Element Method, not only can ablation

,hanges be calculated for the physical contour, but the contour chan.:e alono

* the physical surface can be matched with these calculations. Furthermore, we

need only specify the origins for the dimensions of the physical contour,

then for different sized and shaped contours the automatic mesh dividing

technique will perform the calculations and match things up. As expressed in

Figure 5, after a suitable selection of the constants R6 , zAJj.J5. and 6),
'listed in the figure, we can carry out the calculations for each constant's

physical changes in seque :e by using the Finite Element Method.

" "19
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L=ZCtf (--2 + (Zc-R tgp- Pa) AOLB4ZO

Ficiure 5. :ossible constants R0 , zP, z R'S ' and

for contour of SAI-model nosetip at initial stacie.
n/a

Based on necessity, selection of these possible constants at different stages

c an great 1 y s impI i f+ the process of cal cul at ion. In the final quan t itat i

analysis of the effects of various types of boundary conditions produced.

this may provide signi.ficant contributions to engineering design.

In starting the comprehensive analysis algorithm for calculation durincg

i in t al re-entry, based on the external constants provided for the thermal

environment and the projectile type, we can begin to calculate ablation and

the instantaneous temperature fields and the thermal environment as they are

coupled together in real-time CTN:sic]. In fundamental calculations of the

instantaneous contour for ablation, and for the instant temperature fields

along the contour for changing boundary conditions, this method of

clculat ion can provide for the stress and strain fields at an::. instant

becuase of the automation of the mesh dividing technique for the Finite

Element Method. We can use the algorithm to correctly calculate thermal flow

with the following conditions:

Due to the calculation of temperature and contour at all times, the time

intervals ,Jere set to a .2 second tolerance, and resul tingly, al 1 constants

for calculitions of the projectile are under these limitations.
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The results. calculated here for the constant , found in Fi Qure ar e

onl for the selective c3I cul at i on re lsu ts of a gr.aphi te no-et irD
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ti a 1:rn ai t j n- an a t emp er -Lt u re iie~ a

iliegibie

c: illegible

d: illeqible conditions

e: instantaneous contour

~strain energy, strain tensor

g: displacement

h : illegible interval

- -i: instantaneous temperature field

ji: mesh dif-Ferences

k: time at projectile t

-4iqure 6. Flow of calculationa.

- :ieters

Figure 7. Influence of strain distribution and axial
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6. Conc l us i on

*. This paper iterated the comprehens.ive calculation algorithm for

ablation, thermal environment, conduction, and thermal stress. Furthermore.

-within the comprehensive analysis algorithm, an automatic mesh di.idino

technique was tested. Uti I ization of the comprehensive analysis algori thm

-for carbon-based nosetips during re-entry ablation, conduction, and thermal

stress at various atmospheric levels can be accomplished with comprehensive

numeric data analysis. Moreover, the form and deterioration of the nosetip

can be calculated in succession using selective calculation techniques [TN:

sic].
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